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ABSTRACT

In view of a critique by Di}.k.rzio of the standard thermodynamic

treatment of the glass transition by Davies and Jones , a reexamina-

tion of that treatment was made , and its original conclusions re-

affirmed.

Examination of calorimetric data on quenched and annealed glasses

and on the crystalline phase shows that a major part of the liquid

‘~ionftgurat ional” specific heat and entropy arise from non-configurational

factors , specifically a dependence on structural state (fictive temperature)

of (1) latt ice vibrational frequencies (2) anharmonic ity (3) the numbers

of molecular groups capable of part icipating in secondary relaxational

motions .

A study of the influence of annealing (as measured by the fictive

temperature) on the strength of die lectric loss in glasses was studied

on six molecular liquid glass-formers. A remarkable sensitivity of di-

electric loss to fictive temperature was found (1-3 per cent per degree

fictive). This sens itivity decreased as the temperature of measurement

decreased . It was not possible to dete rmine whether the changes in the

a-re laxati on region were greater tha n the cha nges in the background

loss . The thermodynamic implications of these results for the glass

transition are pointed out .
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Introduction

• In this terminal report we repeat , in the interest of com-

pleteness, some material from a previously submitted Interim report

covering the period ~~rch 1, 1975 to April 30, 1976.

The research carried on under this grant has involved both theore-

tical and experimental aspects , with the results of the theoretical

analyses determining the direction taken in the experimental studies.

The theoretical program has focused on two closely related but

different aspects of the glass transition: the first more narrowly con-

cerned with the thermodynamic aspects, and the second on the molecular

basis for the thermodynamics; i.e. on the statistical mechanics.

The experimental part of the program has been concerned with a

quantitative study on the influence of structural state (fictive tempera-

ture )  on the strength of secondary relaxations.

Theoretical Program

On the pure ly thermodynamics side , a careful re -examination of the

standard thermodynamic treatment of the transition was undertaken in

view of a critical analysis of it by E.A. Di~(arzio (3. AppI . Phys . 45,

4143 (1974)), whose conclusion was that the standard treatment has over-

looked certain of the logica l consequences of its own premises , and if

• these consequences are taken into accoun t , much of the previous analyses

• of the relevance of the rmodynamic parameters such as free volume and

configurationa l entropy to the observed transition temperature Tg would

be in error.
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Our re-examination led to the conclusion that DiMarzio’s analysis

is in error, and that the original thermodynamic treatment and the in-

ferences drawn from its application are correct. This work formed part

of an invited lecture to the Division of High Polymer Physics of the

American Physical Society meeting in Denver in t~ rch 1975 , and has been

published with the Proceedings of the Meeting in the Journal of Applied

Physics . A copy is appended to this report as Publication No. 1.

As part of a more general analysis of configurational thermodynamic

properties of glass forming substances (specifically of entropy) because

of their relevance to the evidence for a thermodynamic phase transition

below Tg, to equation of state expression s for polymers, and to the

pressure dependence of Tg, attention was paid to an ambiguity in their

definition. In brief , it was concluded that al though infinitesimal

changes in these properties are operationally defined and are the refore

independent of theories of the transition, the same need not be true

for their total values. It was realized that this proflem required a

closer look at the molecular origin of the configurational properties .

An analysis of calorimetric data from the National Bureau of Stand-

ards on six glass forming substances , including selenium, two organic

high polymers and three molecular glasses , was carried out. The con-

clusion was that the interpretation of the excess “configurational”

heat capacity ACp observed at Tg as arising solely from changes in the

nuni,er of molecular configur~tions available to the liquid with changes

in temperature is seriously in error. Only about half of ~ Cp arises

f rom - this source . Part of the reminder arises from changes in lattice

vibrational frequencies with structure and part either from changes in

3 
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anharmonicity with structure, or changes in the number of molecular

groups that are capable of engaging in secondary relaxations with

structure. This work formed the remainder of the invited lecture

given at the A.P.S. meeting in Denver, and is described in several

papers, one which appeared in the Journal of Chemical Physics, a

second in the Proceedings of a Conference on “The Glass Transition

and the Nature of the Glassy State”, held under the auspices of the

New York Academy of Science in New York City in December 1975.

Copies of both are appended as Publications 2 and 3.

Additional development of the theoretical ideas abo~it configura-

tional entropy described in the Interim Report of April 30, 1976, were

presented to the Fourth International Conference on Non-Crystalline

Solids held September 1976, in Clausthal, Federal Republic of Germany,

and are published in “Non-Crystalline Solids”, G.H. Friscbat, Editor ,

Transtech Publications, Rockport , }~ ssachusetts, 1977 , under the title,

“Sources of the Configurational Specific Heat and Entropy of Liquids

Near the Glass Transition”. Unfortunately, I have not been given re-

prints, nor does my library possess a copy I could xerox the article

from. It is listed as publication No . 1..

Currently theoretica l models based on the above conclus ions are

under investigation It appears that a thermodynamic transition of the

Ehrenfest type , as has been infer red by Gibbs .~~nd DiMa rzio from the rmo-

dynamic data and also derived by them from a statistical mechanica l

model base d on configurational cons iderations , may also arise from the

factors listed previousl y : changes in lattice frequencie s , anharmonicity

and nuebers of “loose ” molecular groups , as st ructure is changed .

V



Experimental Program

In the Interi m Re port of April 30 , 1976 we reported the prelim in-

ary resu lts of a study of the influence of annea ling on dielectric loss

in the glassy state .

In the period from that t ime to the term ination of the grant Dr.

James Naddad and I continued the expe r imenta l stud y of this problem.

We studied six glass—forming molecular liquids , but we believe our re-

suits are consistënt with the very small amoun t of qualitative observa —

tions on organic high polymers as well .

We have written up our results for publication , and our paper has

been accepted by the Journal of Non-Crystalline Solids ; a copy is ap-

pended to this report as publication No. 5.

• Results of the Research

We can bes t suninarize the results by firs t quo t ing the abs tract

of the paper verbatim, and then making a few additional comments.

“The influence of fictive temperature Tf 
(defined as the tempera-

ture in the transition range at which the sample was annealed to equili-

brium) on dielectric loss tangent in the glassy state has been investi-

• gated in 6 molecular glass systems, of which 4 have well defined ~~-

relaxations . The temperature range used extended from a little below

the glass transition temperature Tg 
to 77.K, and the frequency range

was from 300 Hz to 50 kltz . A tendency for some structural relaxation

• to occur at an appreciable rate below the transforma t ion range , already

re ported by others , was a pparent in our etu dies , and prevented a quan-

titativ e answe r to the question of how much the a—re laxat ion strength

depends on Tf . Qualitatively it was found that in two of the subs tances

the a—relaxation strength decreased as Tf was lowered ; in two others the

5
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results, were ambiguous. In all substances the beckground dielectric

loss, a general feature of the glassy state on which secondary relaxa-

tions, when present, ar e superposed , was significan tly depen dent on Tf :

The percentage change in tan 6 per degree change in Tf was about 1—3

per cent in most of the substances, and 5-8 percent in one of them,

although in all cases it tended to decrease as temperature decreased.

This is a remarkable sensitivity of Tf~ 
compared to, for example glass

density, which varies by .02 to .04 percent per degree change in Tf.

The molecular origin of the background loss is not well understood, but

it has been related to anharmonicity, which in turn has been suggested

to make a significant contribution to the thermodynamics of the liquid

at T .“
g

Additional Comments:

(1) The occurence of appreciable structural relaxation well below

the usual transition range is a phenomenon that has recently emerged

in studies of thermal aging in polymers.. However it could be avoided

in future studies of the effect of annealing on the ~-re1axation by the

use of higher frequencies than our equipment permitted (100 kllz to

1 MHz).

(2) The background loss in dielectric studies of glasses, to which

very little scientific attention has been paid until now, is seen to be

• of possibly great significance as an indicator of a characteris t ic ex—

cess anha rmonicity of the amorphous state, which in turn may be of

thermodynamic significance for the glass transition. This concept has

provided the basis for a new model of the glass transition I have pub-

lished in the Journal of Chemical Physics (67, 2246 (1977)).

6
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